Important discoveries have frequently been made through the studies of matter under high pressure. The conditions of the pressure environment are important for the interpretation of the experimental results. Due to various restrictions inside the pressure cell, detailed information relevant to the pressure environment, such as the pressure distribution, can be hard to obtain experimentally. Here we present the study of pressure distributions inside the pressure medium under different experimental conditions with NVcenters in diamond particles as the sensor. These studies not only show a good spatial resolution, wide temperature and pressure working ranges, compatibility of the existing pressure cell design with the new method, but also demonstrate the usefulness to measure with these sensors as the pressure distribution is sensitive to various factors. The method and the results will benefit many disciplines such as material research and phase transitions in fluid dynamics.
I. INTRODUCTION
Pressure plays an essential role in modern material research. It provides an opportunity to change the sample properties without introducing additional chemical inhomogeneity to the sample. For example, in the heavy fermion intermetallic CePd 2 Si 2 and the iron-based system BaFe 2 As 2 , superconductivity can be induced by pressure. 1, 2 Furthermore, for many systems, pressure is the only way to reach certain quantum states. In H 3 S, superconductivity with a critical temperature T c of 203 K has been reported when it is pressurized to 155 GPa. 3 More recently, a superconducting state with a remarkably high T c of 250 -260 K has been reported in LaH 10−δ at around 200 GPa, 4, 5 as well as T c of 243 K in yttrium hydrides. 6 In these hydrides, the stabilization of the high T c phase with chemical doping has thus far not been realized. Apart from stabilizing new quantum phases, pressure can also be used to tune various physical phenomena, such as surface plasmon resonance, 7 and glass transitions. 8 Since pressure is one of the key parameters in understanding the physical properties of the materials, a quantitative analysis of the pressure distribution is necessary.
Anvil-type pressure cells are commonly employed to reach high pressures. In an anvil cell, the high pressure is reached via mechanically pressing two anvils towards a tightly confined space where the sample and the pressure medium are located, as shown in Fig. 1 (c) . There are various possible selections for pressure medium such as glycerin, methanol-ethanol, and helium. When the pressure is below a critical value, the medium stays in the hydrostatic condition, the pressure inside is spatially uniform; once the pressure is above the critical value, the solidification process starts and the pressure distribution inside becomes unavoidably inhomogeneous. Since most of the material characterization methods in high pressure instrumentations probe the response from bulk samples, the interpretation of the results have to be compromised without knowing the detailed distribution of the inhomogeneous pressure. Sometimes, without knowing the exact pressure conditions, contradictory experimental results have been reported. For example, the superconductivity of CaFe 2 As 2 was induced under high pressure in organic pressure media, 9, 10 while it was not observed at a similar pressure range when helium was used as the medium. 11 This discrepancy may be attributed to the uniaxial stress components that arise from the solidification of the pressure media. [11] [12] [13] [14] [15] The demanding experimental conditions to reach a high pressure impose a great limitation on the design of the instrument, as well as the available methods for probing pressure distribution in-situ. The traditional way to determine pressure in pressure cells is by the optical spectrum of ruby (Cr doped Al 2 O 3 ). 16, 17 The optical spectrum of Cr 3+ near 694 nm contains two resonances: R 1 and R 2 . Both resonances are sensitive to the pressure (0.364 Å/kbar) and temperature (0.068 Å/K). 18 Usually the pressure is calibrated at room temperature. Although in cryogenic conditions, calibration can be done by adding a pressure insensitive temperature sensor, it is somewhat harder to use ruby spectroscopy due to the drop of fluorescence. [19] [20] [21] [22] [23] [24] Spatial resolution is also limited due to the relatively large size of ruby and hence the limited number of ruby particles that can be placed inside the pressure chamber. In this work, we present a systematic study of using point defects in diamond particles as the quantum sensor to probe the pressure distribution in pressure medium with high spatial and pressure resolutions. We will also demonstrate the means of tracking the solidification process of pressure medium in wide pressure and temperature ranges.
Nitrogen vacancy (NV) center is a point defect in diamond with a substitutional nitrogen atom and an adjacent lattice carbon vacancy. With an additional electron NV becomes NVwhich is a spin 1 system. High fidelity optical initialization and spin state readout make NVcenter a good quantum sensor. Recently extensive research works show that it can arXiv:2002.00549v1 [cond-mat.supr-con] 3 Feb 2020 serve as a highly sensitive and spatially-resolved sensor for various physical parameters such as temperature, [25] [26] [27] [28] [29] electric field, 30, 31 and magnetic field. [32] [33] [34] [35] Its performance retains robustness in a wide temperature range [27] [28] [29] and even under pressure up to 60 GPa. 36 Furthermore, NVcenters can be used as a stress tensor sensor. 37 This motivates us to investigate NVcenter under pressure and develop it to be a new type of pressure sensor.
The NVcenter has a strong crystal field around it which is sensitive to the distortion of the crystal lattice. The resulting longitudinal zero-field splitting (ZFS) D splits |0 and |±1 states, and it is due to the first-order electron spin-spin interaction. The origin of the pressure dependence is the change of distances of the electron spins. This is attributed to the global compression and additional local structural relaxation, but is not related to the change of the spin density distribution on the neighbour shells. 36, 38 The transverse ZFS E, which is related to the electric field or internal strain (see Appendix for more discussions), can further split the degenerate |±1 state to two superposition states of |±1 (eigenstates of S x,y ) with an energy difference 2E.
As shown in Fig. 1 (b) , NVcenter has its particular electronic structure and spin state dependent inter-system crossing which leads to the optical spin initialization, readout and spin state dependent fluorescence rate. Therefore the electron spin resonance (ESR) can be measured via the optically detected magnetic resonance (ODMR) method. 39 The longitudinal ZFS D can be extracted from the center frequency of the resonances in ODMR spectra. From that, we can derive the pressure (details in section III).
II. THE APPARATUS AND EXPERIMENTAL PROTOCOL
The protocol of using NVcenters to measure pressure has been proposed and demonstrated before. 36 In that work, a piece of diamond sample was placed inside the high pressure chamber of a diamond anvil cell. The pressure dependence is found to be dD/dP = 1.458(6) MHz/kbar. However, since bulk diamond was used, the pressure measured was the averaged value over the sample volume. For studying effects such as the pressure-driven solidification process, a much higher spatial resolution is needed. Moreover, due to the presence of the bulk sensor, disturbance to the pressure distribution inside the medium may not be negligible. Therefore, in this work, we used a large quantity of nanodiamonds (ND), as opposed to the usual case of single ND, as spatially-resolved sensors inside the pressure medium, and the particle sizes are negligible compared to the pressurized region, which should minimize the disturbance to the actual pressure distribution. One may also want to use implanted NVcenters to perform a similar study, but it is crucial to keep in mind that the pressure felt by the implanted NVcenters is dominated by the uniaxial pressure at the tip of the anvil. Besides, one should be very careful about the relative shift between the high-pressure chamber and the implanted NVcenters at the tip of the anvil. Furthermore, NDs are compatible with any kind of transparent anvil, but implanted NVcenters work only for high quality (d) Fluorescence microscopy setup. A plano-convex lens is used to focus the 520 nm laser to the pressurized region. Given that the diamond particles are very dense, so in principle, the average effects from numerous NVcenters are measured. (e) Confocal microscopy setup. The spatial scanning is achieved by using a galvo mirror. Using the confocal microscope the local pressure experienced by individual NVcenters can be measured. diamond anvil. Fig. 1(c) shows the schematic drawing of our pressure cell configuration utilizing a microcoil setup. 40 This microcoil setup has been used for the high-pressure measurement of the magnetic susceptibility, [40] [41] [42] nuclear magnetic resonance, 43 the de Haas-van Alphen effect 44 and, more recently, ODMR spectra. 32 The pressure medium is confined by a metallic gasket made of beryllium copper, while two aligned moissanite anvils are used for generating pressure. The central hole of the gasket is 400 µm , and it contains a sample, a microcoil, NDs and a ruby inside. To optimize the microwave (MW) throughput as well as minimizing heating, we use a 200 µm diameter microcoil to transmit MW for ESR measurements. In order to probe the local pressure, NDs were drop-casted ei-ther on the top of one anvil surface all over the pressurized region or on the surface of a dummy sample. Here we used 1 µm NDs with nitrogen concentration 3 ppm. It contains hundred thousands NVcenters inside one particle. There are four possible NVorientations in a diamond lattice, one of which is drawn in Fig. 1(a) . All those NVcenters in NDs are approximately evenly distributed among these four orientations. Due to the tiny aperture (pressure cell opening is around 4 mm) restricted by the anvil cell design, the effective numerical aperture (N.A.) is reduced to around 0.1, which leads to an optical spatial resolution in the order of microns. By using NDs smaller than this, we can reach better spatial resolutions.
Two optical setups were used in this work to measure the ODMR spectrum. Both setups use 520 nm laser diodes to initialize and readout NVcenter's electron spin states. The setup shown in Fig. 1(d) is a simple fluorescence microscopy setup. The red fluorescence due to the phonon side band emitted by NVcenters inside the laser illuminated spot were collected by a photodiode. It has poorer spatial resolution compared with the confocal setup. However, its performance is comparable to the typical ruby spectroscopy setup used in high pressure community. Here, we use this setup to benchmark our new method with the traditional ruby method. On the other hand, the confocal setup shown in Fig. 1 (e) has good fluorescence collection efficiency and spatial resolution with which ODMR of NVcenters in individual NDs can be measured with high contrast. The confocal setup has rarely been used in studying pressurized media before. Here we show the advantages of using this setup in various scenarios.
In this work, we chose Daphne oil 7373 as the pressure medium. As Daphne oil 7373 is one of the most widely used and studied media, we are able to compare our new methodology with the previously reported results. Besides, Daphne oil 7373 is known to solidify at around 20 kbar. 14, 15, 23, [45] [46] [47] This modest critical pressure provides a convenient platform for us to demonstrate the power of our method to study the solidification process.
III. BENCHMARKING THE ODMR SPECTROSCOPY WITH THE RUBY SPECTROSCOPY
The structure and the simplified energy levels of NVcenters in diamond are shown in Fig. 1 (a) and 1(b) respectively. There are four possible NVorientations depending on the relative position of the nitrogen and vacancy. We define the NVaxis as the z-axis and the relevant ground state zero-magneticfield Hamiltonian is given by
where the longitudinal ZFS D = 2.87 GHz at ambient pressure and room temperature. Depending on the nature and quality of the diamond sample, the transverse ZFS E can range from negligibly small to several tens of MHz. In principle, the change of pressure can be derived from the change of D.
Similar to what happens in other pressure sensors, the change of D can come from the change of pressure and temperature, as both of them affect the lattice parameters. In other systems, (a, b) shows the selected ODMR spectrum traces (ruby spectra) under different pressure. For the ODMR spectra, the center frequency of two resonances shifts to higher frequencies with higher pressures, while for the ruby spectra, the evolution of the R 1 peak is used to determine the pressure. The pressure reported in legend are determined by ruby spectra. (c) The longitudinal ZFS D against the pressure. dD/dP = 1.49 MHz/kbar is perfectly linear over the whole pressure range even after solidification. (d) The full width at half maximum (FWHM) of ODMR (black) and ruby spectra (red) against the pressure. Both data show an increasing trend with the pressure. independent temperature sensors have to be used to decouple the effect of temperature. For NVcenters, it is possible to distinguish temperature and pressure from its spectrum. D under certain temperature can be calibrated when there is no pressure applied. In fact, at room temperature, dD/dT = −74 kHz/K and changes only slightly across a large temperature range. [27] [28] [29] Below 20 K, dD/dT is nearly 0. Thus, ODMR spectra offers an avenue to determine the pressure with a much higher accuracy. In this section, we measure dD/dP in Daphne oil 7373 and across the solidification region.
To determine the value of dD/dP, we spread dense 1µm NDs onto one of the anvil surfaces and used the fluorescence microscopy setup in Fig. 1(d) to measure the spectra at room temperature. The ruby spectra were also measured in the similar condition to calibrate the pressure. Fig. 2 (a) ( Fig. 2(b) ) shows the selected ODMR traces (ruby spectra) under different pressures. For the ODMR spectrum, the center frequency of two resonances shifts to a higher frequency with a higher pressure, while for the ruby spectra, the evolution of the R 1 peak is used to determine the pressure. Fig. 2(c) shows the longitudinal ZFS D, extracted from the center frequency of the resonances from ODMR, against the pressure. dD/dP = 1.49 ± 0.02 MHz/kbar fits perfectly over the whole pressure range.
We summarized the previously reported dD/dP in Table I .
There are discrepancies among the results from different experiments and theories. Our results are in good agreement with two of the experimental works. 32, 36 The slight difference in values may come from the variation in pressure calibration, such as the conditions of ruby used and the potential fluctuation of the room temperature. In these three works, four different pressure media have been used. As expected, the value of dD/dP is pressure medium independent. Both in this work and in Doherty, et al. 36 the value of dD/dP was measured across the solidification region. No measurable change has been observed. That means we can use dD/dP ∼1.49 MHz/kbar to calibrate the pressure across the solidification transition.
dD/d p (MHz/kbar) Pressure medium Steele et al. 48 1.172 ± 0.068 Daphne 7373 Doherty et al. 36 1.458 ± 0.006 NaCl / Ne Yip et al. 32 1.45 Glycerol Ivady et al. 38 1.030 Theory This work 1.49 ± 0.02 Daphne 7373 In Fig. 2(a) , a strong increase of linewidth versus pressure can be seen. Since we kept the same MW power, this increase is not due to the power broadening. Furthermore, this broadening has a strong pressure dependence. We plotted the linewidths of NVcenter ESR spectra and ruby optical spectra versus the applied pressure in Fig. 2(d) . The increase of linewidth starts around 26 kbar. Here both spectra are collected from sizable areas: the size of ruby is around 40 µm while the laser spot size in the ODMR setup is about 6 µm in diameter. The spatially inhomogeneous pressure distribution leads to the increase of linewidth. The critical transition pressure of 26 kbar agrees well with previous report of Daphne oil 7373's solidification transition at around 20 kbar. 14, 15, 23, [45] [46] [47] We note again that the slope in Fig. 2(c) does not depend on the solidification transition. We performed two linear fits for the region below and above 22 kbar, 45 and both values are nearly the same. As discussed above, these similar values show that the average pressure in the pressure medium does not get affected by the solidification process.
IV. THE PRESSURE INDUCED SOLIDIFICATION AT ROOM TEMPERATURE
Measuring the local pressure with a confocal microscopy setup provides the resolution of around 1 µm, the best spatial resolutions so far, for studying inhomogeneity in the process of solidification under pressure. It can also measure the position of the NDs precisely. Spatial maps of nearly 30 NDs from confocal scans are shown in Fig. 3(a, b) . The center of the plot is the center of the gasket hole. The spots are the NDs, which are randomly distributed in the pressurized region. The pressure sensed by each ND is determined by ODMR spec- tra with the slope chosen to be 1.49 MHz/kbar as determined in the previous section. The average pressure is 13.4 kbar ( Fig. 3(a) ), 61.4 kbar ( Fig. 3(b) ). The local pressure can be determined with high precision.
The color in the figure shows the relative offset from the average value. As expected, the pressure inhomogeneity is much higher in 61.4 kbar than 13.4 kbar, as it is in the non-hydrostatic condition. A pressure inhomogeneity study via the photoluminescence of a bulk GaAs sample with a spatial resolution of several hundreds µm was reported before. 49 Here we present a more detailed 2-D map of a pressure medium using 1 µm NDs. The spatial pressure distribution in non-hydrostatic condition can give hints on how solidification starts. Because the gasket and anvils are circularly symmetric, it was speculated that the pressure distribution would follow the same symmetry. In many works, the pressure distributions were plotted in radial directions. 17, 23 However, the pressure distribution in Fig. 3(b) is closer to a linear dependence than a circular one. We measured the pressure distributions in a series of pressures across the solidification transition. The local pressure dependence on its distance to the center of the gasket hole is plotted in Fig. 3(c) . There is no obvious sign of the circular symmetry. Furthermore, we can see the pressure is more uniform in the center than near the edges. This overall linear pressure distribution can come from the way the pressure is changed: two screws on opposite sides of the cell body are tightened in small steps one after the other. This can break the circular symmetry and give the linear gradient. We check this hypothesis with another pressure cell with the similar design in Fig. 5 , the direction from high pressure region to low pressure region is nearly parallel to the line joining the two screws, as we predicted. The linear dependence can also come from the other imperfections, for example there can be a small angle between the culets of two anvils, which can also explain why the pressure is more non-uniform near the edges. This can be seen in another measurement, shown in Fig. 3 (e, f). Although great care has been taken during pressure cell assemblies, especially the alignment of two anvils, a slight angular offset between two anvil culets remains, i.e. one anvil is slightly tilted relative to another anvil. As a result, a strong (±30%) pressure inhomogeneity was observed. This shows the importance of anvils alignment. Again from this measurement, we can confirm the two observations from the measurements in Fig. 3 : the overall linear spatial pressure distribution, more uniform in pressure in the cell center and wider pressure differences near the edges.
The inhomogeneous pressure distribution in solidified media can be from a spatial stress gradient and a local shear stress. Since NVcenter is a point defect with angstrom size, using single NVcenter to probe the pressure distribution would give the best resolutions in both. Unfortunately, our current cell design is optimized for transport but not optical measurements, which limits our ability to do single NVcenter ODMR measurement. In this work, we used single ND with a few hundred thousands NVcenters distributed randomly within 1 µm. This averaging effect can lead to a line broadening effect. It has been known that the change of linewidth is a good indicator for the medium freezing effect. In general, inhomogeneity due to non-hydrostatic medium can lead to spectrum broadening in resonance type experiments. Indeed, various groups have already used linewidth changes as such an indicator. 15, 23, 47, 50 In the fluorescence microscopy measurements in the previous section, the spatial resolution is beyond 6 µm, the spectra broadening shown in Fig. 2 (d) are mainly due to the spatial inhomogeneous pressure distribution. This can be verified by examining the data in Fig. 3  (d) , which is the collection of local pressure offsets relative to the average pressure in the cell. The pressure offset distribution in Fig. 3 (d) is in agreement with the linewidth in Fig. 2  (d) .
The onset of the spectrum broadening can be the signature of the onset of the solidification process. Nevertheless, we introduce three physical parameters as indicators to determine the critical transition pressure. The first indicator is the linewith of single ND's ODMR spectrum. The broadening should come from the pressure spatial inhomogeneity within particle size. Here we use the relative linewidth, i.e. the linewidth relative to the linewidth at the lowest pressure, to eliminate the power broadening effect. Motivated by Klotz et al., 51 we use the standard deviation (SD) of the pressure measured in various locations in the cell as the second indicator, which shows the pressure inhomogeneity in the whole pressurized region. The third indicator is the transverse ZFS E of single ND particle, as it shows the strain inside the parti-cle corresponding to the local inhomogeneity of the pressure distribution.
We measured these three quantities in four different measurements in Fig. 4 (a-c): C-A2 ("C-A" stands for "confocal setup and NDs on the anvil") is the measurement shown in Fig. 3(e, f) , SFM (stands for simple fluorescence microscopy) is the measurement shown in Fig. 2 , C-A1 is the one in Fig. 3(a  -d) , C-S (stands for "confocal setup and NDs on the sample") is similar to C-A1 except the NDs were drop-casted on a dummy sample instead of on an anvil. Since each time when the pressure is modified there are permanent changes within the cell, it is important to track the sequence of the applied pressure, as marked in the figures as "p 1 , p 2 ,...". All three plots show quantitative agreements on the pressure dependency. It is interesting to see the similar broadening effect macroscopically (SFM) and microscopically (C-A1). It indicates that during the solidification process, the pressure inhomogeneity happens in both macroscopic scale as well as sub micron scale, and with strong angular dependence as shown in the change of strain in Fig. 4(c) . Thus, our results show that NVcenters can be employed as a highly sensitive tool to study pressure uniformity.
The onset critical pressure in these three methods, which is around 28 kbar (26.2, 28, and 29.3 kbar respectively), are in good agreement. By carefully examining the sequence of the applied pressure, it is interesting to notice that the pressure inhomogeneity (critical pressure) is higher (lower) during the process of increasing pressure from freshly prepared cell, while the opposite behaviour has been observed for the process of pressure release from the maximum pressure. This bifurcation-like phenomenon can be explained as following: during the deformation of pressure cell (especially the gasket) with an increasing pressure, local pressure "hotspot" can be formed which triggers the solidification process at a lower pressure, while after relaxing the pressure in an extensively deformed cell, the pressure distribution can be more uniform. From this speculation, the critical pressure measured during pressure releasing should be closer to the true critical pressure of the pressure medium.
The critical pressure of the solidification phase transition is a function of both the temperature and pressure. We combined previously reported results and the results of this work to construct the phase diagram in Fig. 4(d) . For the data from this work, since we noticed a discernible pressure hysteresis, we add this information in the figure legend as "up/down". There are several reasons for the slightly difference in the room temperature critical pressure among our results and others. Since the pressure of the cell can only be changed with a finite step, there is an intrinsic limitation on the resolution. On the other hand, as shown in this work, the detailed cell structure, the quality of the cell preparation and even the sequence of applying pressure can change the pressure distribution and affect the measured critical pressure dramatically. shows the average pressures at room temperature and low temperature. The pressure in x-axis was measured by ruby spectra in room temperature. The pressure in cryogenic temperature is overall higher than the ones measured at room temperature. (b) shows the pressure offsets in low temperature from room temperature. The pressure increases by nearly 5% of the average pressure. (c, d) shows the spatial pressure distribution at different temperature of 50.8 kbar and 7.0 kbar. Pressure distribution changes are observed after cooling down, even when it is already in non-hydrostatic state in room temperature as shown in (c). A photo taken from the optical axis of the confocal setup is shown in the insert of (c). The direction from high pressure region to low pressure region is nearly parallel to the line joining the two screws for applying the pressure. On the other hand, when it is hydrostatic state at room temperature, inhomogeneity rises up at low temperature as shown in (d) . No spatial pattern can be found in this scenario, it may due to the reason that the solidification starts randomly inside the medium.
V. THE TEMPERATURE DEPENDENCE OF THE SOLIDIFICATION PROCESS
A large portion of the high pressure research is taking place in cryogenic conditions, as that is the region where quantum effects matter. Thus, the temperature dependence is important to be measured. From the phase diagram in Fig. 4(d) , it is clear that solidification happens for Daphne oil 7373 in cryogenic temperatures at any pressure. Here we perform the temperature dependency study by mounting the pressure cell in the cold-finger of a cryostat made by Montana Instruments. To study the pressure dependence at different temperatures, a decoupling of pressure and temperature effects is necessary.
However, calibrating temperature in a confined device with possible temperature gradient is tricky. Usually an extra pressure insensitive temperature sensor is used for the temperature calibration. Fortunately for NVcenters, there is nearly no temperature dependence of longitudinal ZFS D below 30 K. Therefore, the change of D is purely due to the change of pressure. We can thus compare the pressure distribution at 6-10 K with the results at room temperature.
We tracked more than 6 NDs within the pressurized region over different pressures and temperatures. We calculated both the average pressure over the whole region and the pressure distribution. The average pressures are shown in Fig. 5(a) . The pressure in cryogenic temperature is overall higher than the ones measured at room temperature. In Fig. 5(b) , we plot the offsets versus average pressure. The pressure increases by nearly 5% of the average pressure. There were measurements showing pressure changes at low temperature. 14, 23, 45, 52 Specifically for Daphne oil 7373, it was reported that the pressure decreased at low temperature around 1.5 kbar in a piston cylinder clamp cell. 52 The difference may come from the different designs of the pressure cells. By analysing the structure of our pressure cell carefully, we derived an increase of pressure in the order of a few kbar due to the different thermal contraction ratios of materials used for fabricating the cell, which fits the order-of-magnitude we measured. We point out that the actual offset can also come from other factors beside thermal contraction, such as the mechanical strength of the gasket. As can be seen in Fig. 5(b) , the offset in p 1 is smaller than p 3 and p 4 . This is because, after the plastic deformation under high pressure, the cell body has less resistance to the thermal contraction at the cryogenic temperature.
The spatial pressure distribution also changes after cooling down. This happens even when it is already in non-hydrostatic state in room temperature as shown in Fig. 5(c) . Besides, when the cell is hydrostatic at room temperature, inhomogeneity rises up at low temperature due to freezing as shown in Fig. 5(d) . No spatial pattern can be found in this scenario, it may due to the facts that the solidification starts pure randomly inside the medium.
VI. PRESSURE RELAXATION OVER TIME
The pressure of the cell is changed stepwise. It is important to know the process of pressure relaxation after the pressure suddenly changes. This process can again be monitored using NVcenters in NDs. Here we tracked 10 NDs over a period of a day after we decrease the pressure from 39.6 kbar to 29.3 kbar at room temperature. For the measurement, we have taken extra care to calibrate the temperature to isolate the pressure effect from the temperature effect. Fig. 6(a) is the average pressure of 10 NDs against time. We define the starting time (t = 0) to be the moment when we use a hydraulic press to change the cell pressure. We can see that the pressure fluctuates and decreases quickly in 5-6 hours, and then slowly relax to the final pressure after nearly a day. Note that the pressure measured by ruby at the start of this pressure point and at the end also shows a pressure decrease of 1.2 kbar. On the other hand, as shown in Fig. 6 (b) , the pressure inhomogeneity is also changed greatly in the time scale of 1 day.
VII. CONCLUSION
We presented an experimental methodology and a comprehensive study of pressure distribution inside pressure cells under various experimental conditions with NVcenters in NDs as the quantum sensor. The pressure dependency of ODMR spectrum is calibrated with the traditional ruby method and it is in good agreement with previous results. With this calibration, we mapped the pressurized region by multiple NVcenters with high precision and spatial resolution, covering wide temperature and pressure ranges. With the capability to study the pressure environment, we studied both pressure driven and temperature driven solidification phase transitions. We found out that the average pressure and the pressure distribution are sensitive to experimental details, such as the mechanical details of the pressure cell, the sequence of applied pressure and the quality of the various cell components. Thus, for the measurements in which the pressure uniformity is crucial, for example quantum oscillations for Fermi surface mapping, the pressure inhomogeneity can be evaluated with high precisions. The method we presented here can give the unique power and compatibility to make the in-situ pressure measurements together with other experimental probes. The protocol described in this work can also be used to study other pressure media. Moreover, since it has been demonstrated that NVcenter can also be used as an excellent magnetic field sensor in high pressure instrumentation, 32, 34, 35 together with temperature and electric field sensing ability, [25] [26] [27] [28] [29] [30] [31] the NVcenter in these tiny diamond particles can be used as a versatile, spatially resolved sensor for high pressure studies. Furthermore, a recent research on the 1042 nm zero phonon line of the NVcenter could also be adopted for a distinct approach to the low temperature high pressure measurements. 53 Thus, NVcenter based sensors can be beneficial in different research areas especially in modern material research.
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APPENDIX: PARAMETER DERIVATION FROM ODMR SPECTRA OF NV -CENTER
Equation (1) is a commonly used zero magnetic field Hamiltonian of NVcenter, which shows the dependence of pressure and temperature in the term D, and strain and electric field in the term E. With the presence of a magnetic field, an extra Zeeman splitting term will show up. From the ODMR spectrum, the ZFS D is determined as follows:
where P R is the right peak frequency and P L is the left peak frequency of the ODMR spectrum. Similarly, the ZFS E is determined as follows:
The E term is sensitive to the local strain so it is a useful indicator for the solidification process and pressure inhomogeneity, including spatial gradient and local shear stress. Although this picture is widely accepted, one can have a much detailed formulation as discussed elsewhere. 31, 54 Indeed, the Hamiltonian in Eq. (1) is a simplified model. From Barfuss's work, 54 the general spin-stress coupling involved three terms H σ 0 , H σ 1 and H σ 2 . And the term H σ 0 is also related to ZFS D. 54 We assumed in our case, which is under high pressure, that the change in D is dominated by the change in pressure and the change in E is dominated by the change in local shear stress and strain, so the Hamiltonian is reduced to Eq. (1). The situation becomes more complicated if one also takes into account the electric field contribution. Depending on the quality of the diamond sample, the local charge environment can differ a lot. For instance, one possible factor of the large splitting of the doublet is a large random electric field induced by local environment of charges. 31 In order to have a fair comparison of the relevant parameters upon pressure change, we have analyzed our ODMR spectra at all pressure points using two Lorentzians. This may be tricky because in some ODMR spectra, particularly at high pressure, the peaks merged into a single peak due to line broadening. However, even if a single broad peak is obtained, it has to be the result of merging two peaks. Using two Lorentz peaks fitting, we can recover the two individual peaks from the merged peak.
